Featured Application: The results of this research are applicable to metal hydride hydrogen storage systems and the onboard hydrogen storage system in the automobile industry.
Introduction
Metal hydrides are materials which can chemically react with hydrogen to form a compound including hydrogen and at least one metal. A well-known group of metal hydrides are intermetallic compounds which are obtained by combining a stable-hydride-forming element and an unstable-hydride-forming element. They demonstrate good hydrogen storage properties in low pressures, while their volumetric densities are comparable with liquid hydrogen. Research on applications of metal hydrides has been in process for many years and includes investigating simple metal hydrides, such as magnesium hydride, and metal-hydride alloys, such as titanium-iron hydride.
A useful property of metal hydrides is their ability to absorb and desorb hydrogen at a constant pressure [1] . They also offer the advantage of hydrogen storage under moderate temperatures while safely performing as high volume efficient storage [2] . Another advantage of metal hydrides is that they can be used to store hydrogen and heat simultaneously. Their gravimetric and volumetric energy The performance of a metal hydride system depends on the properties of the selected metal hydride. Some of the desired properties for a metal hydride are: highly specific gravimetric energy density, compact in design, long life and low performance degradation, and, of course, being economical. For a storage system, properties such as high hydrogen absorption capacity, high thermal conductivity, fast reaction kinetics, favorable equilibrium pressure, a simple activation process, and minimum degradation after cyclic operation are desired as well [4] [5] [6] [7] [8] . Some of the hydrogen release reaction characteristics are its thermochemistry, kinetics, phase changes, reagent requirements, catalyst morphology and amount, and species and levels of gaseous byproducts relative to hydrogen [9] [10] [11] [12] .
Metal hydrides can be categorized into different types including AB5 (LaNi5), AB2 (ZrV2), AB (FeTi), and A2B (Mg2Ni) based on their chemical composition. Among all these types, AB2 and AB5 are the best known metal hydrides to absorb hydrogen. The AB2 family of metal hydrides have an excellent hydrogen capacity (up to over 7 wt %) but have unacceptably slow kinetics of hydrogenation and dehydrogenation, even after extensive activation at 673 K (400 °C). The AB5 group has an excellent hydrogenation performance at ambient temperatures but poor hydrogen capacity typically in the range of 1-1.5 wt % [13] . Metal hydrides useful for on-board hydrogen storage and can be broadly categorized as: (1) complex metal hydrides (e.g., NaAlH4) that have low hydriding pressures (20-150 bar), relatively high hydriding temperatures (200-300 °C), and high volumetric capacities; and (2) high pressure metal hydrides (HPMH) that have high hydriding pressures and hydriding temperatures lower than 100 °C but have a low volumetric capacity (2-3 wt %) [14] [15] [16] . Both these types of metal hydrides require additional mechanisms such as external cooling, high pressure cylinders, etc., that increase the overall system weight and hence the reduced system capacity. In addition, carbon-based physisorption materials such as CNTs and MOFs show very high material storage capacities at low temperatures (77 K and 50-100 bar), and their hydrogen absorption capacity greatly decreases with an increase in temperatures [17, 18] . Figure 2 shows the shows volumetric and gravimetric capacities of various storage materials and compares them to the bestknown system capacities using these materials. The performance of a metal hydride system depends on the properties of the selected metal hydride. Some of the desired properties for a metal hydride are: highly specific gravimetric energy density, compact in design, long life and low performance degradation, and, of course, being economical. For a storage system, properties such as high hydrogen absorption capacity, high thermal conductivity, fast reaction kinetics, favorable equilibrium pressure, a simple activation process, and minimum degradation after cyclic operation are desired as well [4] [5] [6] [7] [8] . Some of the hydrogen release reaction characteristics are its thermochemistry, kinetics, phase changes, reagent requirements, catalyst morphology and amount, and species and levels of gaseous byproducts relative to hydrogen [9] [10] [11] [12] .
Metal hydrides can be categorized into different types including AB 5 (LaNi 5 ), AB 2 (ZrV 2 ), AB (FeTi), and A 2 B (Mg 2 Ni) based on their chemical composition. Among all these types, AB 2 and AB 5 are the best known metal hydrides to absorb hydrogen. The AB 2 family of metal hydrides have an excellent hydrogen capacity (up to over 7 wt %) but have unacceptably slow kinetics of hydrogenation and dehydrogenation, even after extensive activation at 673 K (400 • C). The AB 5 group has an excellent hydrogenation performance at ambient temperatures but poor hydrogen capacity typically in the range of 1-1.5 wt % [13] . Metal hydrides useful for on-board hydrogen storage and can be broadly categorized as: (1) complex metal hydrides (e.g., NaAlH 4 ) that have low hydriding pressures (20-150 bar), relatively high hydriding temperatures (200-300 • C), and high volumetric capacities; and (2) high pressure metal hydrides (HPMH) that have high hydriding pressures and hydriding temperatures lower than 100 • C but have a low volumetric capacity (2-3 wt %) [14] [15] [16] . Both these types of metal hydrides require additional mechanisms such as external cooling, high pressure cylinders, etc., that increase the overall system weight and hence the reduced system capacity. In addition, carbon-based physisorption materials such as CNTs and MOFs show very high material storage capacities at low temperatures (77 K and 50-100 bar), and their hydrogen absorption capacity greatly decreases with an increase in temperatures [17, 18] . Figure 2 shows the shows volumetric and gravimetric capacities of various storage materials and compares them to the best-known system capacities using these materials. In practical applications, the rate of the hydrogen absorption/desorption reaction is often limited by how quickly heat can be added to, or removed from, the hydride as opposed to the intrinsic kinetics of hydriding and dehydriding [1, 19] . While metal hydrides are basically alloys with good thermal conductivity, they break down into micron size particles after a few hydrogenation/dehydrogenation cycles in a hydrogen system. As a result, thermal conductivity is greatly affected and decreases significantly; typically, the thermal conductivity is around 1 W/(m·K) for metal hydrides [20, 21] . In addition, when hydrogen is introduced into a hydride bed, its atoms fill the pores in the bed and result in even lower conduction rates. The decreased rate of heat transfer in a bed will eventually result in extended hydriding times [14] . Figure 3 shows the effect of the thermal conductivity of the bed on its fill time. It can be observed that for the typical thermal conductivity of metal hydrides, i.e., 1 W/(m·K), the fill time is significantly higher and can be reduced if the thermal conductivity can be at least doubled. In practical applications, the rate of the hydrogen absorption/desorption reaction is often limited by how quickly heat can be added to, or removed from, the hydride as opposed to the intrinsic kinetics of hydriding and dehydriding [1, 19] . While metal hydrides are basically alloys with good thermal conductivity, they break down into micron size particles after a few hydrogenation/dehydrogenation cycles in a hydrogen system. As a result, thermal conductivity is greatly affected and decreases significantly; typically, the thermal conductivity is around 1 W/(m·K) for metal hydrides [20, 21] . In addition, when hydrogen is introduced into a hydride bed, its atoms fill the pores in the bed and result in even lower conduction rates. The decreased rate of heat transfer in a bed will eventually result in extended hydriding times [14] . Figure 3 shows the effect of the thermal conductivity of the bed on its fill time. It can be observed that for the typical thermal conductivity of metal hydrides, i.e., 1 W/(m·K), the fill time is significantly higher and can be reduced if the thermal conductivity can be at least doubled. In practical applications, the rate of the hydrogen absorption/desorption reaction is often limited by how quickly heat can be added to, or removed from, the hydride as opposed to the intrinsic kinetics of hydriding and dehydriding [1, 19] . While metal hydrides are basically alloys with good thermal conductivity, they break down into micron size particles after a few hydrogenation/dehydrogenation cycles in a hydrogen system. As a result, thermal conductivity is greatly affected and decreases significantly; typically, the thermal conductivity is around 1 W/(m·K) for metal hydrides [20, 21] . In addition, when hydrogen is introduced into a hydride bed, its atoms fill the pores in the bed and result in even lower conduction rates. The decreased rate of heat transfer in a bed will eventually result in extended hydriding times [14] . Figure 3 shows the effect of the thermal conductivity of the bed on its fill time. It can be observed that for the typical thermal conductivity of metal hydrides, i.e., 1 W/(m·K), the fill time is significantly higher and can be reduced if the thermal conductivity can be at least doubled. [14] ; fill time can be greatly reduced for thermal conductivity higher than 2 W/(m·K).
It is very important that the heat transfer is efficient in order for the hydriding reaction to proceed at a given pressure, and it can be achieved by using proper techniques for enhancing the thermal conductivity of the storage system. Enhancing heat conductivity is more a technical issue than a theoretical one, and measures have been presented experimentally to address this problem. Most of the methods are developed by adding solid matrices like fins or by compacting metal hydrides [22] . Some of these techniques are: using porous tubes/sheets for instantaneous hydrogen supply along the bed, porous bodies encapsulating the hydride powder, e.g., graphite structures, Porous Metal Hydride (PMH-compacts), metal-coated hydride particles, and the insertion of heat transfer enhancement matrices, e.g., metal screens and bands, metal foams, radial and axial metallic fins, and metallic wire nets [13, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The problem which arises by implementing any of these techniques is the increased thermal mass of the system, which affects the overall hydrogen storage capacity of the system.
Authors of this work also performed a study on the different reactor and heat exchanger configurations in metal hydride hydrogen storage systems [37] and recently proved experimentally that applying a magnetic field can enhance the effective thermal conductivity in porous beds [38, 39] . Owing to the fact that metal hydride storage systems are similar to porous beds, we have tested the effect of the magnetic field on improving heat transfer and reaction kinetics in a metal hydride storage system. Considering the desired hydrogenation properties of AB 5 hydrides, and that LaNi 5 is a paradigm of this type of metal hydride, in addition to its magnetic properties, this material is selected for this study. The goal of this work is to test the effect of the magnetic field on improving the heat transfer, and hence the rate of hydrogenation, in a metal hydride hydrogen storage system. Though LaNi 5 does not meet the DOE hydrogen storage targets, this material was selected because of its commercial availability and magnetic properties.
Magnetic fields can exert a force on materials with magnetic properties and manipulate them without being in contact with those materials [40] . Manipulating magnetic particles by a magnetic field has a wide variety of applications including magnetohydrodynamic pumping in microchannels, fluid mixing, stabilizing or agitating magnetic particles containing fluid, and supporting bioreactions in microchannels [41] .
When a magnetic field is applied on LaNi 5 , nickel particles form in the compound and diffuse to the surface. Nickel is a strong paramagnetic material at room temperature and becomes ferromagnetic at 4.2 K [42] [43] [44] . Although experimental results state LaNi 5 as a paramagnetic material, calculations of Al Alam et al. [45] showed that, theoretically, it can exhibit properties of a very weak ferromagnetic material. Albertini et al. [46] and Marcos et al. [47] stated a significant magnetic entropy change in a nickel alloy (Ni 2+x Mn 1−x Ga) because of an increase in its nickel content.
Grechnev et al. [48] calculated and measured magnetic characteristics and the electron structure of three metal hydrides which are known as RNi 5 compounds. Their study included LaNi 5 , YNi 5 , and CeNi 5 . According to their results, these hydrides do not demonstrate similar magnetic characteristics and each one has its individual magnetic properties. Thus, they cannot be categorized and characterized in the same series of compounds based on their magnetic characteristics.
In the present work, the heat transfer inside a metal hydride bed with LaNi 5 as the hydride material is studied. The difference in heat transfer with and without an external magnetic field is tested and the results are presented. The following sections describe the details.
Experimental Setup

Storage Material and Magnets
Lanthanum Nickel (LaNi 5 ) was selected for the experiments since it has fast and reversible sorption, a rather low operating pressure compared to pressurized gas at near ambient temperatures, and a good cycling life [49] . This metal hydride also has a low activation energy, good reaction kinetics, and the capability to store hydrogen at temperatures and pressures near normal conditions (1.7 to 20 bars for temperatures between 293 and 373 K, respectively) [1] . LaNi 5 also demonstrates properties of paramagnetic materials and shows segregation of lanthanum in a surface layer and the formation of ferromagnetic particles of nickel when exposed to a magnetic field [44] . Also, its hydrogen absorption capacity is 1.5 wt %. Particles of the powder employed in this work are flake formed with a density of 7.950 g/cm 3 [49] . Appl 
Magnets utilized in this work are of N42 grade which is made of a composition of neodymium, iron, and boron, and is coated to avoid rusting. The magnets are axially magnetized disc magnets with a diameter of 5 cm. The thickness of magnets 1 and 2 is 1.27 and 2.54 cm, respectively. Nominal and measured magnetic intensities of the magnets are given in Table 1 . 
Metal Hydride Hydrogen Storage System Setup
The experimental device and its schematic is shown in Figure 4 . The experimental setup consists of an argon cylinder and a hydrogen cylinder with a vacuum pump and hydrogen storing section. Argon is implemented to provide the required inert atmosphere for LaNi 5 when there are no experiments running. Hydrogen cylinder provides Ultra High Purity (UHP hydrogen of 99.999% purity) level for experiments. Both argon and hydrogen cylinders are connected to the rest of setup through a single pipe. Also, a vacuum pump provides a vacuum in connecting lines and a hydrogen storage section. The reactor is made of Stainless Steel containing 171 g of a LaNi 5 powder activated by successive absorption/desorption cycles. The particle size is about 60 µm and the porosity is about 0.5.
The whole hydrogen storage unit is submerged in water in a thermostatic bath. The bath heats and cools the hydrogen reservoir and Metal Hydride (MH) reactor during hydrogen desorption and absorption, respectively. During experiments, two different magnets (as shown in Table 1 ) are used to analyze the effect of change in magnetic field intensity on the heat transfer in the MH bed. In experiments with magnets, the magnet was placed at the bottom of the reactor and the temperature at the center of the reactor and on its wall, respectively, is measured. The reactor is connected to the reservoir using connecting tubes. The thermostatic bath is heated by a 1000 W heater with a build-in circulation pump. Deploying a thermostatic bath ensures consistency of boundary conditions throughout the experiments. It also ensures that adding the thermal mass of a magnet when the magnetic field is required does not impact the consistency of boundary conditions in the setup.
The pressure within the hydride bed is measured by installing a sensor between the hydrogen tank and the hydride bed. To measure the temperature at different locations, five thermocouples and thermal probes are utilized. Two thermal probes are inserted into the reservoir and reactor. Three thermocouples are measuring the temperature at the reactor wall, inside the thermostatic bath, and the room (ambient) temperature. Measured data from transducers and thermocouples is transferred to a computer by LabView through a data acquisition unit (DAQ). Thermocouple positions are presented in Table 2 . For the absorption test, initially, the hydrogen tank is charged at the desired pressure and was kept in contact with the metal hydride reactor. The hydrogen pressure inside the tank decreases until it reaches a stable value. Because the absorption reaction is exothermic, the hydride bed is cooled by using water coming from a thermostatic bath.
it reaches a stable value. Because the absorption reaction is exothermic, the hydride bed is cooled by using water coming from a thermostatic bath. 
Results and Discussion
A series of experiments were performed to find the effect of magnetism on heat conduction in the lanthanum nickel bed. In these experiments, magnet 1 was placed at the bottom of the reactor and temperature was measured at thermocouples 1 and 5, which are at the center of the reactor and on its wall, respectively (Table 2) . In these experiments, in order to estimate the improved thermal conductivity of the bed, no hydrogenation was performed. The improvement in thermal conductivity is calculated using the formula derived from Fourier's law of heat conduction under steady state conditions [42] :
where T1 and T5 are the temperatures of thermocouples at the center of the reactor and at the wall, respectively, and the temperature values were used once steady state is reached. When magnet 1 is used, the results showed around 8-9% improvement in the thermal conductivity of bed. The error margin of the thermocouples used in this work is 1-2.5% for temperatures below 973 K. Temperatures 
k with magnet k without magnet = (T 5 − T 1 ) without magnet
where T 1 and T 5 are the temperatures of thermocouples at the center of the reactor and at the wall, respectively, and the temperature values were used once steady state is reached. When magnet 1 is used, the results showed around 8-9% improvement in the thermal conductivity of bed. The error margin of the thermocouples used in this work is 1-2.5% for temperatures below 973 K. Temperatures at the center of the reactor and its wall with and without magnet 1 are depicted in Figure 5 . It can be observed that the steady state was reached quickly when the magnet was used, indicating a faster heat transfer rate. It can also be observed from the figure that the maximum temperature is lower inside the metal hydride tank (T 1 ) and on the reactor wall (T 5 ) when the magnetic field is applied. This shows that using the magnetic field can enhance the heat transfer in metal hydride beds.
at the center of the reactor and its wall with and without magnet 1 are depicted in Figure 5 . It can be observed that the steady state was reached quickly when the magnet was used, indicating a faster heat transfer rate. It can also be observed from the figure that the maximum temperature is lower inside the metal hydride tank (T1) and on the reactor wall (T5) when the magnetic field is applied. This shows that using the magnetic field can enhance the heat transfer in metal hydride beds. Considering that experimental results supported heat transfer enhancement in the LaNi5 bed under magnetism, a set of experiments were run to check the hydrogen absorption properties of lanthanum nickel under magnetism. In these experiments, magnets 1 and 2 are used to provide magnetic fields inside the reactor. Initially, experiments were done to check the amount of hydrogen absorption in the bed without any magnetic fields, and then two series of experiments with magnets 1 and 2 were performed. Temperature distributions of two sample experiments during the hydriding process inside the reactor and on its wall are illustrated in Figure 6 . Considering that experimental results supported heat transfer enhancement in the LaNi 5 bed under magnetism, a set of experiments were run to check the hydrogen absorption properties of lanthanum nickel under magnetism. In these experiments, magnets 1 and 2 are used to provide magnetic fields inside the reactor. Initially, experiments were done to check the amount of hydrogen absorption in the bed without any magnetic fields, and then two series of experiments with magnets 1 and 2 were performed. Temperature distributions of two sample experiments during the hydriding process inside the reactor and on its wall are illustrated in Figure 6. Appl. Sci. 2017, 7, 1006 8 of 15 Few conclusions can be drawn from Figure 6 . From the temperature measurement inside the metal hydride reactor, it is seen that the maximum temperature is recorded as soon as hydrogenation initiated. Also, the temperature peak increases with increased magnetic flux. Considering that the heat source in these experiments is the released heat through exothermic hydrogen absorption reaction, it is concluded that the higher magnetic intensity enhances the rate at which the reaction takes place. In other words, the reaction kinetics are enhanced under the effect of the magnetic fields. Temperature measurement inside reactor (Top) and on its wall (Bottom) during hydrogenation.
Few conclusions can be drawn from Figure 6 . From the temperature measurement inside the metal hydride reactor, it is seen that the maximum temperature is recorded as soon as hydrogenation initiated. Also, the temperature peak increases with increased magnetic flux. Considering that the heat source in these experiments is the released heat through exothermic hydrogen absorption reaction, it is concluded that the higher magnetic intensity enhances the rate at which the reaction takes place.
In other words, the reaction kinetics are enhanced under the effect of the magnetic fields. Though the difference in temperatures under three cases is not significant before the reaction initiates, the difference in temperatures is more prominent during and after the reaction. This is due to the high energy released during the reaction and the dissipation of heat at different thermal conductivities in all the three cases.
Measured pressures in the reactor and reservoir are presented in Figure 7 . From the final pressures in the reactor as shown in Figure 7 , at the end of data recording time the equilibrium pressure of reaction experiences a slight increase. Also, the rate of decrease in pressure of the reservoir shows that the time required to absorb an identical amount of hydrogen in each case is decreased by implementing magnetic fields. Thus, applying magnetic fields enhances hydrogen absorption time in a LaNi 5 bed. It is postulated that the variation in equilibrium pressure and temperature is because of the decreased permeability and increased heat transfer area in the system, due to the compaction of particles when magnets are present.
The mass of absorbed hydrogen under each magnet is presented in Table 3 . The mass is calculated by measuring the volume of absorbed hydrogen under normal conditions (T = 293 K & P = 101 kPa) and using the density of hydrogen under normal conditions (ρ = 0.089 kg/m 3 ). The driving potential for the hydriding reaction is the difference between the metal hydride tank pressure and equilibrium pressure; the larger this difference is, the faster is the reaction rate. The rate can be increased by either increasing the pressure or reducing the metal hydride temperature. If sufficient cooling is provided during a small pressure increment during the pressure ramp, the metal hydride temperature will be maintained below the equilibrium temperature, and the reaction continues as the pressure increases by a second increment. However, if the cooling is insufficient, the metal hydride temperature reaches the equilibrium temperature and the reaction stalls. From the calculated absorbed hydrogen for each experiment, it is evident that magnetism increases the amount of hydrogen which can be absorbed in lanthanum nickel. The hydrogen absorption amount (practical absorption capacity) should not be confused with theoretical absorption capacity, which is 1.5% for LaNi 5 . The information presented in Table 3 is an indication of practical absorption capacity which can change by the change in the equilibrium condition of the chemical hydrogen absorption/desorption reactions. A change in the amount of absorbed hydrogen does not mean that there is a change to the theoretical hydrogen absorption capacity of the substance. Thus far, the positive effect of magnetism on thermal conduction and hydrogen absorption capacity in LaNi 5 was tested. A series of experiments were performed to identify whether improved hydrogenation properties are because of the chemical reaction or because of the enhanced heat transfer rates. In these experiments, a hydriding process was initiated without magnetism on the setup. When hydriding reaches equilibrium, a magnet (magnet 2) is placed at the bottom of the reactor which causes the sudden temperature fluctuation shown in Figure 8 . The temperature slope changes by adding the magnet (as presented in Figure 8 ), which supports the previous conclusion of changed equilibrium temperature and pressure in a magnetic field. However, as there is no significant change in the temperature pattern, no extra hydrogenation occurs by adding a magnet. Meanwhile, as illustrated in Figure 9 , pressure does not have any changed slope when the magnetic field is applied. Consequently, no more hydrogen absorption occurs at this stage. From this experiment, it is concluded that the chemical reaction does not change by magnetism and the enhanced hydrogenation properties of the hydride are because of the enhanced heat transfer rate. 
Conclusions
This paper studied a new heat transfer enhancement method of using an external magnetic field to improve heat conduction inside a metal hydride bed. Experiments have proven that implementing an external magnetic field improves effective thermal conductivity, reaction kinetics, and hydrogenation in a lanthanum nickel bed. Improved hydrogenation properties are requirements of hydrogen storage in metal hydrides. The selected metal hydride (LaNi5) demonstrates magnetic properties which were utilized to apply the concept of increased heat transfer under magnetism, to improve hydrogenation properties of the metal hydride. However, magnetism did not increase the hydrogenation capacity of lanthanum nickel, which proves that elevated hydrogenation characteristics result from enhanced heat transfer in the bed. Considering that magnetic fields increase the heat transfer in both ferromagnetic and paramagnetic materials and many metal hydrides are paramagnetic, the same concept can be applied to any paramagnetic hydrogen absorbing medium. 
This paper studied a new heat transfer enhancement method of using an external magnetic field to improve heat conduction inside a metal hydride bed. Experiments have proven that implementing an external magnetic field improves effective thermal conductivity, reaction kinetics, and hydrogenation in a lanthanum nickel bed. Improved hydrogenation properties are requirements of hydrogen storage in metal hydrides. The selected metal hydride (LaNi 5 ) demonstrates magnetic properties which were utilized to apply the concept of increased heat transfer under magnetism, to improve hydrogenation properties of the metal hydride. However, magnetism did not increase the hydrogenation capacity of lanthanum nickel, which proves that elevated hydrogenation characteristics result from enhanced heat transfer in the bed. Considering that magnetic fields increase the heat transfer in both ferromagnetic and paramagnetic materials and many metal hydrides are paramagnetic, the same concept can be applied to any paramagnetic hydrogen absorbing medium.
